Fe-based alloys (elemental iron, Fe 0 materials or zerovalent iron) have been found to be effective for removing a wide range of compounds from water. Studies on the successful removal of organic and inorganic chemicals [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and pathogens [17] [18] [19] [20] [21] have been widely published and reviewed [22] [23] [24] [25] [26] [27] [28] [29] [30] . However, reports on the mechanism of contaminant removal have not been univocal.
For more than a decade reductive transformations (degradation of organics and precipitation of inorganics) have been regarded as the fundamental mechanism of contaminant removal in Fe 0 /H 2 O systems [3, [31] [32] [33] [34] . But the literature contains many contradictory findings regarding the processes of aqueous contaminant removal in the presence of Fe 0 . Reported discrepancies include the nature of reaction products [35] , the extent of contaminant reduction [36, 37] , the actual reducing agents (Fe 0 , Fe II or H/H 2 ) [12, 38] and the relative importance of adsorption and reduction [37] . These conflicting findings suggest that reductive transformations may not be as important as currently considered. Nevertheless, a 'broad consensus' on reductive transformations persists in the literature despite parallel acknowledgment that the real mechanisms of contaminant removal have not yet been completely elucidated [6, 24, [32] [33] [34] [39] [40] [41] .
Recently, a new concept was introduced stating that contaminants are fundamentally adsorbed onto and co-precipitated with insoluble Fe 0 oxides and hydroxides [42, 43] . As for any subject on which there is a difference of opinion, it is pertinent to compare the concepts with the hope of finding the truth in the matter.
Reduction or adsorption/co-precipitation?
If contaminants are mostly reduced in Fe 0 /H 2 O systems (concept 1), then one should consistently explain why this is possible at the long-term despite the oxide film formation (layer insoluble Fe 0 oxides and hydroxides) and transformation at the surface of Fe 0 . It is important to notice in this regard, that the model for oxide film formation, that was compatible with progressive contaminant reduction [23] was proven unrealistic [44] .
If contaminants are primarily adsorbed and co-precipitated (concept 2) within the oxide film, then one must simply sustain iron corrosion to ensure contaminant removal. Concept 1 gave birth to the iron reactive barrier technology as only reducible species (mostly chlorinated compounds) were considered [1, 3, 6, 31] . However, reaction products for many chlorinated hydrocarbons have not been clearly identified [35, 45, 46] . Moreover, Fe 0 consumption, oxide film formation on the clean Fe 0 surface, and rise of pH inevitably accompany the removal processes [47] [48] [49] . Due to these inherent properties of Fe 0 -mediated reactions, the contaminant removal rate should necessarily decrease with increasing Fe 0 consumption yielding contaminant breakthrough. As this was not observed as the rule, concept 2 is more close to the reality.
Therefore, future researchers should follow concept 2. That is working on ways and means to sustain Fe 0 reactivity which automatically yields contaminant adsorption and co-precipitation
[48, [50] [51] [52] [53] [54] .
It is essential to recall that reality (to be found out) is the action of nature under relevant conditions. Accordingly calling a technology 'passive' is not related to 'no action' but no external input of energy. In other words, active technologies need external energy input to initiate/support the action of nature (the reality). The challenge is to find out, how the nature works. Finding out how nature works is knowledge acquisition. The question here is "how are contaminants removed in Fe 0 /H 2 O systems?"
Reduction is not a removal mechanism
In water treatment, chemical reactions are used to facilitate contaminant elimination by one or several removal mechanisms [55, 56] . Relevant removal mechanisms are: (i) adsorption, (ii) coprecipitation, (iii) precipitation, (iv) size-exclusion and (v) volatilisation. All water treatment methods are based on these five mechanisms.
For water treatment at a specific site, it is important to identify the treatment method that is the most suitable: efficient, affordable and applicable. The treatment system that is best for a particular situation depends mostly on the nature and the concentration of contaminants and the 3 operational requirements of the system. As a rule, a combination of treatment methods is more The key issue is not the relative efficiency but the appropriateness of each class of materials. If this issue is properly addressed, then an appropriate design could be achieved. The results of
Miyajima [71] have recently clarified the relationship between 'intrinsic reactivity' and 'removal efficiency'. Summarized, the intrinsic reactivity is an invariable characteristic of a material that does not depend on its amount or the operational conditions. The efficient of a material characterizes the extent to which the material can remove a given contaminant under defined operational conditions. In other words, 'efficiency' and 'reactivity' should never be randomly interchanged.
The origin of the mistake
A careful look on the first 4 peer-reviewed articles on Fe 0 [1] [2] [3] [4] (Table 1) Kriegman-King and Reinhard [72, 73] . Both these articles [2, 4] were almost ignored (less than 70 citations each as referred to Table 1 ) and the idea presented above were not further investigated.
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The propagation of the mistake
Having met an agreement on a false premise, researchers have been reporting on findings (i) disagreeing 150 years intensive research on aqueous iron corrosion [74] [75] [76] , (ii) disagreeing good results of synthetic organic chemistry [30] , (iii) neglecting the voluminous work available from the hydrometallurgy, and the petroleum industry [75] [76] [77] [78] [79] , and (iv) not able to explain why nonreducible contaminants are quantitatively removed in Fe 0 /H 2 O systems [30, 42, 43] . It is important in this regard to notice that Fe 0 is also used for oxidative conversion of aqueous contaminants [13] .
However, contaminant oxidation is also not a removal mechanism (section 2.1).
Beside the improper consideration of available results from other branches of science two other key factors have contributed to maintain confusion on the mechanism of contaminant removal in Fe 0 /H 2 O systems: (i) the use of inappropriate experimental conditions and (ii) the failure to use sequential extraction while making mass balances.
Inappropriate experimental conditions
There is actually no standard experimental protocol for the investigation of processes in Fe 0 /H 2 O systems. Available results are not really comparable [80, 81] . In particular the used mixing possibly reproducible results under well-designed laboratory conditions. These conditions are however difficult to reproduce in the subsurface [30] .
Non-conclusive mass balance
No convincing carbon balances between reactants and products have ever been successfully done for many chlorinated hydrocarbons [45] . This means that organic contaminants that have disappeared from the aqueous phase are mostly considered chemically reduced. The situation is similar for inorganic contaminants for which speciation experiments have been mostly made without efforts to reductively dissolve iron corrosion products [82] . In other words, available results from geochemistry have equally not been properly considered. In fact, reductive dissolution of iron (and manganese) oxides is integral part of all sequential extraction schemes [83] [84] [85] . For example, Ma and Rate [84] used ammonium oxalate for amorphous iron/manganese oxides and hydroxylamine hydrochloride for crystalline iron/manganese oxides. As far as the author could ascertain, only Kishimoto et al. [86] have chemically reduced iron corrosion products for mechanistic demonstration. Previous research articles have used reducing agents to demonstrate the stability of removed contaminants [87, 88] .
Discussion
The presentation above has acknowledged that the concept of contaminant reductive transformation as removal mechanism in Fe 0 /H 2 O is clearly inadequate for explaining many experimental and field observations. Furthermore, irreversible contaminant removal which could result from contaminant co-precipitation with iron corrosion products has been mistakenly regarded as contaminant reductive transformation. However, the actual reactive wall design (e.g. wall sizing) is based on this concept [39, [89] [90] [91] . Therefore, it is urgent to reconsider available data and models [92, 93] . Moreover, further research work should be performed under adequate The conventional approach for safe drinking water provision is to treat natural water in a treatment plant and distribute through a pipeline network to the population [95, 96] . One of the most severe shortcomings of this approach is that any sudden interruption (e.g. disasters: floods, droughts, quakes, tsunamis, hurricanes) could leave thousands of people without drinking water supply for some days or weeks. There is a current trend for decentralized solutions for safe drinking water supply [56, 64, [95] [96] [97] [98] .
Basic requirements for decentralized water supply solutions
Centralized waterworks are sophisticated systems with high demand of energy, skilled operation personnel and chemicals [55, 96, 99] . To be applicable worldwide, a water supply system must be (i) efficient, (ii) affordable and (iii) applicable in small and secluded remote areas (including islands) without electricity grid and possibly without (enough) skilled personnel [94, 98, [100] [101] [102] [103] [104] .
Presently only chlorination, coagulation, filtration, solar disinfection, ceramic filters and biosand filters fulfil these basic criteria [56, 103] . However, chlorination and coagulation need skilled personnel and should never be performed by illiterates (e.g. in developing countries). Solar disinfection can not address chemical contamination and the efficiency for both ceramic and biosand filters for virus removal was shown non satisfactory [97] . In other words, there is presently no simple, efficient and affordable technology for water supply in low-income remote communities. One exception is the recently developed "WaterBackpack" at the University of Kassel (Germany) [97] . The "WaterBackpack" is a "small, transportable and easy to use dead-end membrane filtration unit for basic water supply" for small communities in the range of 200 up to 500 people [97] . The "WaterBackpack" is suitable for critical situations like natural disasters (e.g. earthquakes, tsunami) or wars (refugee camps). The need for sustainable, affordable safe drinking water technologies for low-income communities persists. Some of these communities have only so few inhabitants (down to less than 10 persons) for who the current version of "WaterBackpack" is not appropriate even though it could be affordable (around Euro 700).
Concept of Fe 0 for safe drinking water provision
The suitability of metallic iron for decentralized drinking water provision arises from two main reasons: (i) metallic iron is widely available; iron filings can be produced locally even in poor localities (so-called 'indigenous iron') at low-cost or no money expense and (ii) water corrodes Fe 0 to strongly adsorbing iron hydroxides and oxides [49, [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] . As demonstrated above these iron precipitates should be regarded as collectors in a sand filter [115, 116] . Accordingly, biosand filters should be amended with Fe 0 to yield efficient gravity filters. The design of Fe 0 filters has been discussed in several recent articles [52, 116] and will not be repeated here.
The heart of the Fe 0 filter is a suitable reactive Fe 0 which should be mixed to an inert material (e.g.
anthracite, gravel, pumice, sand) or a reactive but not expansive material (e.g. MnO 2 , TiO 2 ) in a reactive zone [53] . The reactive zone should be sandwiched between two biosand filters (BSFs) ( The concept is affordable and applicable because: (i) no chemicals is needed, (ii) no energy is needed (gravity filtration), (iii) no (skilled) operation personnel is needed, and (iv) no intensive maintenance is needed. The sole need is a concept for recycling iron for new filters. is used to improve filtration which is basically a size-exclusion process [99] . Accordingly, the removal of very small particles (e.g. viruses) is not guaranteed by small pore sizes like in membrane filtration [97, 103] but by the dynamic process of aqueous iron corrosion [47, 64, 65] .
The geochemistry of iron in general and the behaviour of iron minerals in soils with regards to contaminant removal [125, 126] 
Concluding remarks
The universality of the view that Fe 0 is not a reducing agent is delineated. Regarding Fe 0 as a generator of 'contaminant collectors' [116] has enabled the conceptual design of Fe 0 -amended slow sand filters (Fe 0 SSFs) which are yet to be realized. A Fe 0 SSF has a large potential for application to small-scale systems, in particular in low-income communities worldwide: (i) it is totally chemistry free, (ii) it is simple to design, (iii) it is easy in operation and maintenance, (iv) it is cost effective and (v) it is reliable upon proper design. Innovative designs of the reactive zones (e.g. use of Fe 0 -composites, Fe 0 /MnO 2 , Fe 0 /pumice) will increase the sustainability of Fe 0 filtration beds [54, 128] .
Intensive research with column and pilot studies are necessary to verify and optimise the presented concept. In this effort, the proper consideration of the volumetric expansive nature of iron corrosion should be carefully considered. In particular, lowering the concentration of dissolved O 2 at the inlet of the filter is a key issue (Table 3 ). The proper disposal of spent media as well as the recycling of used materials should be considered during the testing stage.
The knowledge that Fe 0 is not a reducing agent is also essential for the further development of the iron wall technology for groundwater remediation. In fact, considering the volumetric expansive nature of iron corrosion [74, 76, 129, 130] non-expansive materials is even a pre-requisite for system sustainability [134] . Accordingly, a reactive wall containing a zone with 100 % Fe 0 is not viable. Consequently, the rationale for the sustainability of reactive walls with a pure Fe 0 layer [24, 27, 66 ] is yet to be elucidated. A plausible explanation is that used materials were not very reactive. In such a constellation the reactivity of the wall could be sustained by an array of abiotic and biotic reductive reaction recycling Fe III to Fe II [135] . Millero [59] while data for Fe II solubility are from Rickard [60] . Although the experiments are performed under different conditions, it can be seen that iron solubility is minimal between pH 5.5 and 10. This is necessarily the pH range of water treatment using Fe 0 and other Fe-bearing materials. 
